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Magnetic and vibrational excitations in SrCu2(BO3)2 are studied using Raman spectroscopy at
hydrostatic pressures up to 34 kbar and temperatures down to 2.6 K. The frequency of a particular
optical phonon, the so-called pantograph mode, shows a very strong anomalous temperature depen-
dence below about 40 K. We link the magnitude of the effect to the magnetic exchange energy on the
dimer bonds in the Sutherland-Shastry spin lattice in this material. The corresponding dimer spin
correlations are quantitatively estimated and found to be strongly pressure dependent. At around
P2 ∼ 22 kbar they switch from antiferromagnetic to being predominantly ferromagnetic.
The Shastry-Sutherland model (SSM) is arguably
one of the most important constructs in the field
of quantum magnetism. It demonstrates that a
gapped quantum paramagnet can occur in a well-
connected Heisenberg spin Hamiltonian beyond the
unique topology of a single dimension. Its key fea-
ture is geometric frustration of antiferromagnetic
(AF) interactions between AF S = 1/2 dimers ar-
ranged on a particular 2-dimensional lattice (Fig. 1a)
[1]. For sufficiently strong frustration the exact
ground state is a product of AF singlets on each
dimer bond J ′. For weak frustration one recovers
the semi-classical Ne´el-ordered phase. What hap-
pens in-between has been hotly debated [2–20]. The
most intriguing intermediate phase proposed is the
so-called plaquette state [5, 7, 11]. Dimer singlets
are destroyed to be replaced by singlets composed
of four spins connected via the inter-dimer bonds J .
Translational symmetry is broken and some or all of
the dimer spin correlations become predominantly
ferromagnetic (FM).
The only known and much studied experimen-
tal realization of the model is SrCu2(BO3)2, where
S = 1/2 Cu2+ ions form dimers via Cu-O-Cu su-
perexchange pathways, which are connected through
(BO3) units (Fig. 1b) [21]. With a frustration ratio
J/J ′ ∼ 0.6 [22] it is reliably in the dimer phase,
with a spin gap ∆ = 3 meV [21] in the excita-
tion spectrum. We are incredibly lucky that in this
material J/J ′ can be continuously tuned by hydro-
static pressure [23]. The frustration ratio increases
steadily with pressure, eventually leading to a Ne´el
ordered state above 30 kbar [24]. Moreover, already
at Pc ∼ 18 kbar the original dimer phase gives way
to a new quantum paramagnet, presumed to be the
plaquette state [23–27]. Thus, theoretical predic-
tions for exotic phases of the SSM are put to the
experimental test.
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FIG. 1. a) Lattice of orthogonal coupled dimers in
SrCu2(BO3)2 with intra-dimer interaction J’ and inter-
dimer interaction J. Copper atomic motions of the panto-
graph mode are indicated as arrows. b) Relative atomic
displacements of the pantograph mode in a single layer
of SrCu2(BO3)2.
How can one be sure that the novel phase is indeed
plaquette-, rather than dimer-based? To date, the
only supporting evidence comes from studies of the
wave vector dependence of inelastic neutron scatter-
ing intensities.[23] Performing such measurements in
a bulky cell needed to produce the required pres-
sure for a sufficiently large sample is a formidable
task. The resulting data are unavoidably limited and
noisy, leaving the interpretation depending on strong
assumptions and theoretical modeling [23]. In the
present work we use an entirely different approach.
We infer the strength of dimer spin correlations in
SrCu2(BO3)2 from their effect on certain optical
phonons, which can be measured using Raman spec-
troscopy in a diamond-anvil pressure cell. We show
that around Pc these correlations switch from AF
to dominantly FM, and thereby independently con-
firm the destruction of the AF-dimer ground state.
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Moreover, we obtain a quantitative estimate for the
dimer spin correlations at pressures up to 34 kbar.
The main idea is as follow. As has been estab-
lished in other dimer systems, the development of
pair spin correlations at low temperatures leads to
a magnetic contribution to the rigidity of the cor-
responding bond [28–30]. This, in turn, gives rise
to anomalous shifts of certain phonon frequencies
at unusually low temperature. In complex struc-
tures it may be difficult to associate these shifts with
any particular magnetic bonds [30]. For the highly
symmetric structure of SrCu2(BO3)2 though, the as-
signment of measured phonons to particular atomic
motions is greatly simplified. At ~ω ∼198 cm−1
(=24.5 meV) there is a specific optical excita-
tion, the so-called pantograph mode, visualized in
(Fig. 1b) [31].
It directly modulates the the intra-dimer coupling
constant J ′, which is especially sensitive due to an
almost 90◦ Cu-O-Cu [31]. At same time, its effect on
J is expected to be negligible in comparison[31, 32].
The frequency of this phonon is related to the second
derivative of the energy of the corresponding lattice
distortion with respect to the distortion amplitude
u: ω2 ∝ ∂2E/∂u2. Each dimer’s magnetic contri-
bution is J ′S1S2. The frequency of the pantograph
mode is much larger than the magnetic energy scale.
This ensures an adiabatic coupling scenario where
the spin correlations are unaffected by the phonon
which is “too fast”. Since the vibration mode spans
the entire sample, the magnetic energy needs to be
summed (averaged) over all dimers. With this in
mind:
δω = ω − ω0 ∝ ω2 − ω20 ∝
∂2J ′
∂u2
〈S1S2〉, (1)
where ω0 is the mode frequency in the absence of
any magnetic correlations and it is assumed that
|ω − ω0|  ω0. The anomalous magnetic frequency
shift of the pantograph mode is thus proportional to
the dimer spin correlator. This also follows from the
calculation of the corresponding spin-phonon cou-
pling constant [33] that assumes a particular power-
law u-dependence of J [34].
Optical phonons and magnetic excitations have
been extensively studied in SrCu2(BO3)2 using Ra-
man spectroscopy at ambient pressure[33, 35–37]. In
the present work we perform similar measurements
in a 1 mm-culet diamond anvil cell at pressures up
to 34 kbar using a Trivista 557 triple-grating spec-
trometer and a liquid nitrogen cooled CCD detec-
tor. The data were collected in a backscattering ge-
ometry using a focusing microscope. The incident
laser wavelength was 532 nm. The cell environment
was a He-flow cryostat with base temperature 2.5 K.
The pressure transmitting medium was Argon. The
pressure was determined in-situ from the shift of the
ruby R1 fluorescence line[38, 39]. The temperature
dependence of the effect, which becomes particularly
important above 50 K, was explicitly corrected for
[40]. The cell pressure was found to drop by about
6 kbar between room temperature and 40 K, and
by less than ∼1 kbar between 40 K and 2.6 K (see
supplement). All pressure values quoted below cor-
respond to base temperature readings. All exper-
iments were performed on a ∼0.2×0.1×0.05 mm3
single crystal sample extracted from cleaving a crys-
tal grown using the floating-zone technique. The
incident light was perpendicular to the ab cleavage
plane (see insert in Fig. 2). All spectra shown were
measured in the c¯(a′b′)c scattering geometry. An
independently measured background from the pres-
sure transmitting medium was subtracted from all
spectra.
Optical measurements on SrCu2(BO3)2 are ex-
tremely challenging due to the narrow band gap
of the material, which leads to high absorption[37].
The biggest problem is unwanted heating of the sam-
ple by the incident laser beam. To suppress this
effect, the data were collected at very low power,
as low as 0.05 mW at the lowest temperatures. As
a result, typical counting times were as much as
72 h. In all cases it was verified that further re-
ducing the power had no effect on the resulting spec-
tra. A typical low-energy Raman spectrum collected
in SrCu2(BO3)2 at a pressure of P = 2 kbar and
T = 2.6 K is shown in Fig. 2a. The observed fre-
quencies appear fully consistent with previous mea-
surements at ambient pressure [36]. The three visi-
ble lowest-energy excitations are magnetic in origin:
two triplets and one singlet. All remaining peaks
are phonons. The peak widths are in all cases below
1 cm−1 and correspond to the expected instrumen-
tal resolution. Since data for the entire spectrum are
accumulated concurrently, this confirms that tempo-
ral drift of spectrometer alignment during the long
data collection period is a non-issue.
The pantograph mode is the peak at around
198 cm−1. It was identified by a density functional
theory (DFT) ab-initio calculation with the Quan-
tum Espresso software package [41], using the SSSP
Accuracy (version 1.1) pseudopotential library [42–
48]. The kinetic energy cutoff was 120 Ry and the
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FIG. 2. a) Raman data at T≈ 2.6 K and 2 kbar in
c¯(a′b′)c polarization measured with λ=532 nm laser.
Symmetries of phonons are assigned as in Ref. 36. Inset:
picture of the single crystal sample inside the pressure
cell along with two ruby spheres used for pressure cal-
ibration. b) Blowup of the low-energy portion of a).
Triplets T1 and T2 and singlet S1 are assigned according
to Ref .36 c) Comparison of excitation energies of singlet
and triplet excitations to published results [23, 27, 36].
charge density cutoff 600 Ry. Brillouin zone integra-
tion was performed using a 4×4×4 k-point grid. For
better convergence a Marzari-Vanderbilt cold smear-
ing of 0.01 Ry was applied.
In order to validate the experimental methodology
we first checked the behavior of the three magnetic
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FIG. 3. Measured temperature dependence of the panto-
graph mode frequency in SrCu2(BO3)2 at different pres-
sures. Note the logarithmic temperature scale. The
dashed line is the temperature corresponding to the spin
gap energy at ambient pressure.
excitations. With increasing pressure all three peaks
shift to lower energies and progressively weaken.
Their measured frequencies are plotted in colored
circles in Fig. 2c. At higher pressures they become
undetectably weak or shift outside our measurement
window (T1). The observed softening of the triplet
modes is fully consistent with previous Electron spin
resonance(ESR) [27] and inelastic neutron scattering
[23] studies, shown as triangles and squares in the
figure. The softening of the singlet mode is a new
result, since neither ESR nor neutrons are sensitive
to singlet-singlet transitions.
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The central result of this work is the observation of
an anomalous temperature dependence of the pan-
tograph mode, as visualized in Fig. 3. Note the log-
arithmic temperature scale. At all pressures, the
pantograph mode undergoes at most a modest hard-
ening upon cooling down to 40 K. This behavior is
due to the usual anharmonicities of lattice vibra-
tions and the temperature dependence of pressure
in the loaded cell at higher temperatures (see Sup-
plement). Below this point the mode suddenly be-
comes strongly T - dependent. At low applied pres-
sures it softens upon cooling to base temperature by
as much as 1.5%. At the highest pressures the effect
is reversed: in the same low-temperature interval the
excitation hardens by as much as 0.5%. Also reveal-
ing is the pressure dependence at different tempera-
tures shown in Fig. 4 a). For T & 40 K the pressure
dependencies are almost T -independent. They all
show a monotonous hardening with a small but re-
producible dip at about 20 kbar. At lower tempera-
tures the situation changes drastically, the frequency
showing a steep almost step-like increase.
At temperatures below 40 K anharmonic effects
extrapolated from measurements above 35 K are en-
tirely negligible (see Supplement). The only remain-
ing relevant energy scale is the magnetic one. We
conclude that the anomalous temperature depen-
dence of the pantograph mode is due to magneto-
elastic coupling. The corresponding relative fre-
quency shift between 40 K and 2.6 K is plotted
against pressure in Fig. 4 b) (left axis). As men-
tioned above, the cell pressure is practically constant
in this temperature range. The shift remains flat up
to about P1 ∼ 15 kbar and then steadily increases up
to the highest attainable pressures, switching sign at
about P2 ∼ 22 kbar.
As shown by ESR experiments [27], J ′ decreases
by only about 12% from 0 to 15 kBar. This al-
lows us to assume that the 2nd derivative in Eq. 1
is also only weakly pressure-dependent to some ap-
proximation. The lack of any pressure dependence
for P . P1 in Fig. 4 b) confirms this. Here the
system is clearly in the dimer phase [23]. In this
regime the exact result is 〈S1S2〉 ≡ −34 regardless of
J ′/J [3], and the measured constant frequency shift
implies a constant ∂2J ′/∂u2. Assuming the trend
continues at higher pressures, to within a scale fac-
tor Fig. 4 b) represents the pressure dependence of
〈S1S2〉. The exact value for the dimer phase pro-
vides a calibration for the entire plot (Fig. 4b), right
axis). At P2 the relative alignment of nearest neigh-
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FIG. 4. a) Measured pressure dependence of the panto-
graph mode frequency in SrCu2(BO3)2 at several differ-
ent temperatures (symbols). The lines are guides for the
eye. b) Pressure dependence of the low-temperature fre-
quency shift of the pantograph mode. P1 indicates the
beginning of the destruction of dimer correlations and
P2 denotes the sign switching of dimer correlations. The
solid line is a guide to the eye.
bor spins switches sign and becomes predominantly
ferromagnetic.
That AF dimers are replaced by a completely new
spin correlation pattern already at rather low pres-
sures is significant. The only other indication of that
is the rather tenuous 22 kbar strucure factor data
from the neutron study of Ref. [23]. The transforma-
tion that we observe starts already at about 15 kbar.
It can only be driven by a subtle change in the J ′/J
ratio, as assumed in most theoretical studies [2–20].
It takes place long before the exchange constants
themselves can be expected to switch sign [27]. It
also seems not to be associated with any structural
transition, of which we do not observe any obvious
signs such as splitting of phonon lines or the appear-
ance of new modes.
According to a recent calorimetric study [24],
there is a distinct thermodynamic phase that
emerges below Tc ∼ 2 K just about P1. The au-
thors suggest that it may be a plaquette state. The
sign-switching reported here is consistent with that
interpretation. While in the dimer phase the spin
correlations are AF, in the plaquette state they
4
at least partially switch to FM and may evolve
continuously[17, 20]. Unfortunately, the lowest at-
tainable temperature in our experiments is slightly
above Tc. The observed behavior can be interpreted
as a change in the character of dominant short-range
spin correlations, which are just about to order in a
new plaquette configuration upon further cooling.
According to [24], Ne´el magnetic order sets in above
approximately P2. Here even stronger FM correla-
tions are predicted [17], and indeed observed in our
measurements.
In summary, our measurements of the pantograph
mode in SrCu2(BO3)2 provide an indirect but pre-
cise measurement of a pressure-induced sign switch-
ing of nearest-neighbor dimer spin correlations. We
hope that a quantitative comparison with theoreti-
cal studies will become possible in the future.
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I. ANHARMONIC THERMAL
FREQUENCY SHIFT
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FIG. 1. Measured temperature dependence of the panto-
graph mode in SrCu2(BO3)2 at ambient pressure (sym-
bols) and fit assuming anharmonic multi-phonon cou-
pling (solid line).
As mentioned in the main text, at temperatures
below 40 K the anharmonic thermal frequency shift
of the pantograph mode is negligible. In order to
establish this, we measured the temperature depen-
dence of the pantograph mode frequency between
35 K and room temperature at ambient pressure.
The result is visualized in Fig. 1 (symbols). These
data were analyzed using the well-known predictions
for anharmonic multi-phonon coupling (Eq. 3.9 in
[1]). An excellent fit is obtained using empirical
parameters ω0 = 201.2 cm
−1, C = 0 and D =
−2.7(1) · 10−3 cm−1 (solid line in Fig. 1). Extrapo-
lating this curve to below 40 K yields an estimate of
the anharmonic shift in the low-temperature range:
δω . 0.1 cm−1. This is considerably smaller than
the observed anomalous magnetic frequency shift
and can be safely disregarded.
II. TEMPERATURE-DEPENDENCE OF
THE PRESSURE IN THE CELL
As can be seen from Fig.2 a), the pressure changes
below 40 K are marginal. Most of the pressure
change due to thermal expansion and solidification
of argon occurs between room temperature and 40 K
as seen in Fig.2 b).
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FIG. 2. a) Measured pressure changes between 40K and
base temperature. b) Measured pressure changes be-
tween room temperature and 40K.
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